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"A seed neither fears light nor darkness, but uses both to grow"
Matshona Dhliwayo
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Abstract
Species across all kingdoms of life rely on the ability to sense different
light conditions. Some organisms convert light into chemical energy via
the reactions involved in photosynthesis, whereas others use it to trigger
cellular signals. The group of proteins that are responsible for light percep-
tion are called photoreceptor proteins. Phytochromes are photoreceptors that
control diverse physiological responses in plants, algae, fungi and bacteria,
through their ability to sense red and far-red light. These proteins absorb
light through a bilin cofactor located in the photosensory part of the protein.
Changes in the chromophore induce structural rearrangement in the protein
and thereby alter its biological activity. Several structural details of the sig-
nalling mechanism remain undetermined and require further investigation.

This thesis focuses on revealing the early structural changes upon pho-
toactivation in the bacterial phytochrome fromDeinococcus radiodurans
(DrBphP). Serial femtosecond crystallography (SFX) has been the main
method used for our investigations. The papers presented here describe the
crystallization strategies that were used preceding data collection at X-ray
free electron lasers (XFELs). Structures of the chromophore binding do-
main (PAS-GAF) fromDrBphP were solved in the resting state, and at 1 ps
following light-activation. Additional time-resolved diffraction data were
collected at 0-2.7 ps, probing the earliest structural changes after photon ab-
sorption. The �ndings reveal that the captured photoresponse involves ex-
tended structural rearrangements including both the chromophore and the
protein. Two conserved tyrosine residues are proposed to be involved in the
earliest signalling on femtosecond time scale. Subsequently, a collective re-
sponse of the chromophore and the surrounding binding pocket evolve on
an early picosecond time scale.

The discoveries have provided insight into the primary molecular mech-
anism that phytochromes use to convert light signals into structural changes.
Such research not only deepens our understanding of how all vegetation on
earth function, but could also have applications in agriculture where growth
patterns in various crops could be made more effective.
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Chapter 1

Introduction

1.1 Light

We experience waves in various aspects in our everyday life. When listen-
ing to our favourite song on the radio, when having an X-ray scan at the
hospital or getting a nice tan (i.e. sunburn) in summer. All these examples
involve electromagnetic waves. Electromagnetic radiation (EMR) is a form
of energy carried by photons, which are particles without mass travelling at
the speed of light. Depending on the characteristics of different electromag-
netic waves such as the wavelength or frequency, they can be grouped in the
electromagnetic spectrum [1] (see Fig. 1.1).

Figure 1.1: Electromagnetic radiation.An overview of different types of electro-
magnetic radiation, their wavelengths, frequencies and relative scales. The spectrum
includes radio waves (longer wavelengths), microwaves, infrared radiation (IR), vis-
ible light, ultraviolet (UV), X-rays and gamma rays (shorter wavelengths).

The sun emits different types of electromagnetic radiation and the part
which reaches the Earth is called solar radiation. Visible light (380-740 nm)
is part of the solar radiation [2] and through evolution organisms have
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Chapter 1. Introduction

evolved to respond to various light conditions. Photosynthetic organisms
can covert light energy into chemical energy which is used for a multitude
of cellular processes. Furthermore, light acts as an external trigger for organ-
isms to send cellular signals and non-photosynthetic organisms also depend
on light to be able to interact with the world [3].

1.2 Photoreceptors

Organisms are able to respond to their environmental conditions in nu-
merous ways through different sensory receptors. Various stimuli are de-
tected by speci�c ligands embedded in the sensory receptors. Changes in
the properties of the ligand further triggers a response in the receptor that
results in modulation of its functional state. Receptor proteins that respond
to changes in light conditions are called photosensory proteins. These pro-
teins are further subdivided according to which ligand, or chromophore,
the protein binds and what wavelengths it responds to. Examples of dif-
ferent types of photoreceptors are rhodopsins, photoactive yellow proteins
(PYPs), light-oxygen-voltage (LOV) proteins, cryptochromes, blue-light us-
ing �avin (BLUF) proteins and phytochromes [4]. Although the aforemen-
tioned photoreceptors exhibit different properties regarding light absorp-
tion, structure and biological responses, they utilize only four types of
chromophores. It is therefore not surprising one observes emerging themes
amongst these photoreceptors in terms of the molecular mechanism of pho-
toactivation.

Generally, the photochemical cycle of the photoreceptor is initiated with
the absorption of a photon by the chromophore. On a picosecond time scale,
the excited chromophore relaxes to an electronic ground state with a dif-
ferent geometry and/or oxidation state. Examples of changes in the local
environment of the chromophore caused by photon absorption are isomer-
ization [5] and proton/electron transfer [6]. These initial local photochemi-
cal events in the chromophore triggers consequential structural evolution in
the protein, resulting in formation of the signalling state. In the signalling
state, the protein transfers the signal to subsequent components in the signal-
transduction chain, resulting in a cellular response [4] (see Fig. 1.2).

2



1.3. Phytochromes

Figure 1.2: General description of photoreceptor function.Photoactivation of
the chromophore is induced by photon absorption (oscillating arrow). The generated
changes in the chromophore propagates through the protein, resulting in the sig-
nalling state of the protein which further triggers a cellular response. The receptor
resting state is eventually regenerated in which the protein once again is accessible
to stimuli.

1.3 Phytochromes

Phytochromes are photoreceptor proteins that sense light in the red and far-
red region of the visible spectra [3]. They play an important role in bac-
teria, algae, fungi and plants regarding the organism's ability to respond
and acclimatize to the surrounding light conditions [7]. For example, phy-
tochromes are involved in the regulation of developmental biological pro-
cesses such as shade avoidance and seed germination [8]. The regulatory
function of the protein is achieved by the reversible switching between two
metastable states; the Pr state (red absorbing) and the Pfr state (far-red ab-
sorbing)(see Fig. 1.3 A). Transition between the two different states of the
protein is, for example, guiding plants to grow from the shadow (high far-
red:red ratio) towards the light (low far-red:red ratio). Most phytochromes
have the Pr as their resting state and are called canonical phytochromes.
Although, phytochromes that relax to the Pfr state exist and are called
bathy phytochromes [9]. Phytochromes were �rst found in plants [10, 11]
but were later also discovered in fungi [12] and different types of bacte-
ria [13, 14]. However, there are both functional and structural differences
between prokaryotic and eukaryotic phytochromes.

Phytochromes are soluble proteins that exists as homodimers. The struc-
tural composition of a prototypical phytochrome consists of an N-terminal

3



Chapter 1. Introduction

Figure 1.3: Spectral properties and domain architecture of phytochromes.A.)
Absorption spectra of the two metastable states (Pr (red absorbing) state and Pfr
(far-red absorbing state)) of the full-length bacterial phytochrome fromDeinococcus
radiodurans. B.) Overview of variations in domain composition of different phy-
tochromes.

photosensory module, which binds the chromophore and responds to light,
and a C-terminal output module which translates the signal further to
downstream signalling pathways. The photosensory core consists of a PAS
(Per/Arnt/Sim), GAF (cGMP phosphodiesterase/ adenylyl cyclase/FhlA)
and PHY (phytochrome-speci�c) domain. The chromophore utilized by
bacteria is biliverdin, which is covalently bonded to a cysteine in the PAS
domain. Phytochromes in cyanobacteria and plants bind different types of
chromophores, phycocyanobilin and phytochromobilin respectively, which
are both bound to the GAF domain. The output domain for bacteria and
cyanobacteria is usually a histidine kinase (HK) domain. The HK domain
consists of two subdomains: a Catalytic ATP-binding (CA) domain and a
Dimerization Histidine phosphotransfer (DHp) domain. Plant phytochromes
have an N-terminal extension (NTE) and two extra PAS domains. The output
domain of plant phytochromes is homologous to the prokaryotic histidine
kinase domain but it lacks a conserved phosphoryl group-accepting histi-
dine [15]. In summary, the photosensory module is very similar between
organisms whereas the chromophore and the output module vary to a larger
extent (see Fig. 1.3 B). Preservation of the photosensory core allows us to
learn from simpler systems and draw parallels across different kingdoms.
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1.4. Bacteriophytochromes

1.4 Bacteriophytochromes

In contrast to plant phytochromes (Phys) where several of the physiologi-
cal functions have been characterized [8], the role of bacteriophytochrome
(BphPs) from non-photosynthetic bacteria still remains largely unknown.
However, several discoveries have been made concerning the signalling
mechanism of these model systems. BphPs are involved in a two-component
phosphorylation system between the phytochrome and a response regula-
tor protein (RR) [3]. The C-terminal HK domain �rst auto-phosphorylates,
which is followed by phosphotransfer between the kinase domain and the re-
sponse RR. The RR further controls transcription of light responsive genes
in accordance to its phosphorylation state [16] (see Fig. 1.4). Owing to the
greater structural complexity of plant phytochromes, these participate in
more extended signalling cascades than their prokaryotic counterparts [17].
The photoreaction, which ultimately results in a cellular response, is initi-
ated by excitation of the chromophore. The chromophore utilized by BphPs
is as previously mentioned biliverdin, which is an open tetra-pyrrole chain
derived from oxidative degradation of the heme cofactor. The four rings A-D
constitute a conjugated double bond system responsible for photon absorp-
tion [18] (See Fig. 1.4).

1.4.1 The photocycle of BphPs

Bacterial phytochromes are the least complex systems regarding photoacti-
vation and number of intermediates formed during Pr/Pfr photoconversion.
Different spectroscopic methods have been used to investigate the photocy-
cle of phytochromes from bacteria and cyanobacteria. Three intermediates
are formed during Pr to Pfr photoactivation; Lumi-R, Meta-Ra and Meta-Rc
(See Fig. 1.6). Lumi-R forms within picoseconds [5,19–21] and is thereafter
converted into Meta-Ra on a microsecond time scale. Meta-Ra proceeds via
Meta-Rc to form the �nal photoproduct, Pfr, within milliseconds. Deproto-
nation/reprotonation events occur in the later stages of the photocycle for
canonical phytochromes [22, 23]. However, in a recent study on the bac-
teriophytochrome fromDeinococcus radiodurans (DrBphP), the Meta-Ra
and Meta-Rc intermediates could not be distinguished [24]. The Pr-state
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Chapter 1. Introduction

Figure 1.4: Phytochrome regulation.Phytochromes are part of a two-component
regulatory system. Auto-phosphorylation of a histidine residue in the HK domain
leads to phosphorylation of an aspartate residue in the response regulator protein
(RR). The RR further mediates a cell response by interacting with the DNA, which
commonly results in increased transcription levels of target genes. The chromophore
in bacterial phytochromes is biliverdin which is located in the photosensory mod-
ule (PSM) of the protein. A chemical illustration of the biliverdin is represented in
the square, with the rings A-D marked in bold letters. The C15=C16 double bond,
around which the D-ring isomerizes, is highlighted in the �gure.
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1.4. Bacteriophytochromes

is spontaneously regenerated through thermal dark reversion but this pro-
cess can also be accelerated with illumination of far-red light [25–27]. For
the latter case, two intermediates are formed called Lumi-F and Meta-F.
The primary step in Pr-to-Pfr photoconversion is considered to involve Z-
to-E isomerization, and vise versa, of the chromophore D-ring around the
C15=C16 double bond [24,27–32].

1.4.2 Structural features of BphPs

It is well-known that the structure of a protein is closely related to its func-
tion. The discovery of bacteriophytochromes facilitated the production, and
therefore the structural investigation, of phytochrome proteins. One of the
most successful methods used for solving the three-dimensional structure
of proteins is X-ray crystallography. The �rst solved crystal structure of
a phytochrome was the PAS-GAF fragment of the bacterial phytochrome
from Deinococcus radiodurans[33]. This structure provided insight into the
spacial position of biliverdin within the protein and the importance of many
conserved residues could be explained structurally by their location within
the protein. Henceforth, many crystal structures of varying phytochrome do-
mains from different organisms have been solved [32,34–43].

Figure 1.5: An overview of the chromophore binding pocket in Pr and PfrA.)
The chromophore binding pocket ofDrBphP in the Pr-state (pdb:4q0j). Hydrogen
bonds are marked with orange dashed lines and selected waters are shown as blue
spheres. The PHY-tongue interaction partner R466 is shown in dark green. B.) The
same view shown forDrBphP in the Pfr-state (pdb:5c5k). The new PHY-tongue
interaction partner S468 is colored dark green.

7



Chapter 1. Introduction

In DrBphP, biliverdin is covalently attached to the protein via a thioether
linkage between the A-ring and a cysteine residue in the PAS-domain (see
Fig. 1.5 A). The chromophore binding pocket, in contrast, is positioned
within the GAF-domain where additional interactions between biliverdin
and the protein are formed through non-covalent bonds and hydrophobic
interactions. The A-to-C rings of biliverdin are co-planar whereas the D-
ring is rotated out of this plane. Furthermore, the packing around the D-ring
is relatively sparse, creating a small cavity which allows for isomerization
around the C15=C16 bond to occur. Several conserved residues among the
phytochrome family are located within a short distance of the chromophore
and take part in various protein-chromophore interactions. The A-ring is
closely positioned to the highly conserved DIP-motif (Asp207-Ile208-Pro209)
and the backbone oxygen of Asp207 forms hydrogen bonds with rings A-C
of the chromophore (the numbering corresponds to the phytochrome found
in Deinococcus radiodurans). The B-ring propionate group interacts with
Arg254, Ser257 and Tyr216, whereas the C-ring propionate binds to His260,
Ser272 and Ser274. The D-ring is stabilized by a hydrogen bond between
the carbonyl group and His290 and the surrounding water network. The cav-
ity around the D-ring is partly formed by the residues Tyr176, Tyr263 and
Phe203. Several conserved waters have been identi�ed, for example the so-
called pyrrole water (PW) which is found in all phytochrome structures.
This water is located in the middle of the chromophore and interacts with
the nitrogen atoms of ring A-C.

The structures of the full photosensory module (PAS-GAF-PHY) re-
vealed that the PHY-domain extends from the GAF-domain through a sin-
gle long helix (see Fig. 1.6). A surprising �nding was a region (often re-
ferred to as the tongue region) that reaches back towards the chromophore
binding pocket and shields the chromophore from solvent exposure. The
tongue region includes the highly conserved465PRXSF469 motif. In the Pr
state ofDrBphP, the most direct interaction of the chromophore binding
pocket and the tongue region is a salt-bridge formed between Asp207 and
Arg466 [37]. A full-length structure with the HK domains attached, how-
ever, is not yet determined to an atomic resolution.

8



1.4. Bacteriophytochromes

1.4.3 Signal transduction in phytochromes

The complete photosensory module fromDrBphP has been solved in both
the Pr- and Pfr-state [32, 37]. Structural changes connected to the photoac-
tivation mechanism have thus been identi�ed. The D-ring was found to
be �ipped from a ZZZssa con�rmation in Pr to a ZZEssa conformation
in Pfr [32], con�rming the proposed isomerization of the C15=C16 dou-
ble bond. Associated changes with the two different chromophore confor-
mations were also observed within the chromophore-binding pocket (see
Fig. 1.5 B). The conformation of several of the above mentioned amino
acids such as Tyr176, His290, Tyr263, Phe203 adopted new conformations
in the Pfr structure. The B- and C-ring propionate groups both rearrange
and switch interaction partners during the Pr/Pfr photoconversion. In addi-
tion, the tongue region refolds during the photoswitching, from a� -sheet in
Pr to an� -helix and a loop in Pfr (See Fig. 1.6). The salt bridge between
Asp207 and Arg466 was therefore broken and new bonds were formed be-
tween Asp207, Tyr263 and Ser468 [37]. Asp207 and Arg466 were furthermore
suggested to play an important role in Lumi-R formation where they would
form a hydrogen-bonding cluster with the NH and C=O groups of the D-
ring [24]. Refolding of the tongue region also causes the PHY-domains, that
are close in distance in the Pr-state, to move apart by� 3 nm in the Pfr-state.

Figure 1.6: Phytochrome signallingThe structures of Pr (left, pdb:4O0P) and Pfr
(right, pdb:4O01) of the full photosensory core are shown. The PAS,GAF and PHY
domains are colored light green, olive and dark green, respectively. The photocycle
of canonical phytochromes is illustrated around the biliverdin chromophore (LBV)
conformations in Pr (grey) and Pfr (brown).

Attempts to understand the full signal transduction chain in phy-
tochromes have been made by studying the full-length protein fragment.
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Chapter 1. Introduction

Examples are the works performed using scanning transmission electron
microscopy [44] and single particle Cryo-EM methods [45]. Separation of
the PHY-domains were supported and large scale repositioning of the ki-
nase domains relative to the photosensory core were observed. However, the
resolution of the HK domains was low, suggesting high �exibility in these
domains. Small-Angle X-ray Scattering (SAXS) experiments were also per-
formed to investigate the global changes occurring in phytochromes dur-
ing photoactivation. InDrBphP the global structural changes were found
to occur within a few milliseconds. In the full-length protein, the HK out-
put domains did not separate, as was observed for the PHY-domains in the
photosensory module. Instead, the data indicated that a rotational motion
had occurred, resulting in a twist of the output domains with respect to the
chromophore-binding domains [46]. A rotation of the HKs would further in-
duce a different binding geometry of the subdomains, CA domains and DHp
helices, whose orientation have been proven important for HK activity [47].

A mechanism emerges from the above considerations: the local changes
in the chromophore binding pocket initiate a refold of the PHY-tongue. The
structural changes within the PHY domains further affect the orientation of
the HK domains. Subsequently the kinase activity is modi�ed and results in
a shifted equilibrium of the Pr/Pfr state. However, high resolution structures
of the full-length protein are needed for a more detailed view of the global
signalling mechanism in phytochromes.

1.5 Scope of this thesis

Structures of the photosensory core in Pr- and Pfr-states have been solved
and the photocycle for several BphPs have been determined. However, struc-
tural changes that are coupled to the intermediate states formed during pho-
toconversion, are still poorly understood. This thesis is aimed at the investi-
gation of the molecular mechanism used by phytochromes during photoacti-
vation. The initial events following photon absorption have been the central
target of our investigations. The main technique used for this work is serial
femtosecond crystallography (SFX), which is one of the most suitable tech-
niques to use when studying structural changes on short time scales. This
technique requires microcrystals which have been successfully produced for
the PAS-GAF fragment. The full-length phytochrome protein does not form
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1.5. Scope of this thesis

well-diffracting crystals and investigation of the global structural changes
calls for alternative methods. Therefore a project was started on the full-
length phytochrome fromDeinococcus radioduransusing the advantages
of single particle Cryo-EM.

Paper I presents two alternative procedures to produce microcrystals
of the PAS-GAF fragment fromDeinococcus radioduransfor SFX experi-
ments. The paper further includes the �rst room temperature crystal struc-
ture of the same protein fragment in its dark state. Inpaper II time-resolved
crystallography data were collected at 1 and 10 ps, elucidating the early
structural changes after photoactivation.Paper III aims at tracking the
changes leading up to our previously solved structure at 1 ps. Data were
collected at time points spanning from 0-2.7 ps. The results generated infor-
mation about the sequence of structural changes that occur as a response to
photon absorption. Inpaper IV three crystal structures of the full photosen-
sory core of a phytochrome fromStigmatella aurantiacawere solved. This
paper establishes the framework for future studies of the full photosensory
core and later stages of the photocycle of phytochromes.

The methods and results related topaper I-IV are described in chapter
2-5. Chapter 6 presents the results obtained from the Cryo-EM project on the
full-length phytochrome fromDeinococcus radiodurans. Chapter 7 includes
a summary of my work and an outlook for future research on phytochromes.
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Chapter 2

Sample preparation for SFX
experiments

Most of the projects upon which this thesis is based are focused on the struc-
tural characterization of the bacterial phytochrome fromDeinococcus ra-
diodurans. Chapter 2 includes a description of the methods used for sample
preparation along with a short summary of their applicability in the phy-
tochrome project.

2.1 Protein production

Many methods used for structure determination require large quantities of
highly pure protein. Hundreds of milligrams of protein are sometimes nec-
essary to obtain a SFX data set of suf�cient quality [48]. Direct extraction
of the protein sample from the original source often does not meet the strin-
gent requirements. Fortunately, the use of recombinant protein expression
allows us to overcome the obstacle of generating large amounts of protein
sample [49, 50]. In this approach, the gene encoding the protein of interest
is cloned into a DNA-vector designed for expression purposes. Transforma-
tion of the exogenous DNA into a host system such asEscherichia coli(E.
coli), allows for high amounts of protein to be expressed in a short time [51].

The use ofE. coli as a host system is favourable when working with
prokaryotic proteins due to the short generation time and high similar-
ity of cell architecture to the natural source. The common T7 expression
host BL21 (DE3), carries a gene encoding the phage T7 RNA polymerase
within its chromosomal DNA [51, 52]. This gene is under control of the

13



Chapter 2. Sample preparation for SFX experiments

lac promoter, which in turn is regulated by the lac repressor. Upon induc-
tion with Isopropyl � -D-1-thiogalactopyranoside (IPTG), the repressor is
released and T7 RNA polymerase is expressed. The T7 promoter within the
DNA-vector is recognized by the T7 RNA polymerase and binding allows
for transcription of target genes located downstream of the promoter site.

When phytochromes are expressed in nature, the bilin chromophore is
abundant within the cell environment. Biliverdin is a product of the degrada-
tion of heme by the enzyme heme oxygenase. However, when phytochromes
are recombinantly expressed, the chromophore must be provided exter-
nally. Phytochromes can be expressed as holoproteins as a result of co-
transformation with a plasmid carrying the heme oxygenase gene [53]. Al-
ternatively, the protein can be expressed as apoprotein whereupon the chro-
mophore is added at a later step during the puri�cation scheme [25,54].

TheDrBphP fragments were expressed as apoproteins in the pET21b(+)
vector, using the BL21(DE3) cell strain as a host system. The pET21b(+)
vector is a T7 promoter based system and contains a C-terminal 6xhistidine
tag. Cells were cultured in LB-media at 37� C to an OD600 of 0.6-0.8. Pro-
tein expression was induced with IPTG (1 mM) and cultured overnight at a
reduced temperature (28� C).

2.2 Protein puri�cation

Following protein production, the target protein has to be collected from the
cells and further separated from other macro molecules. The initial steps
during the puri�cation of over-expressed proteins involve cell breakage fol-
lowed by centrifugation. These steps are performed to extract the proteins
from the cells and separate them from cell debris. There are several strate-
gies that can be applied to break cells, including the use of chemicals or
external force (such as high pressure operating systems) [55]. Protein pu-
ri�cation commonly proceeds via several steps of chromatography where
proteins are separated according to their different properties [56]. The prin-
ciple of column chromatography is based on the usage of a stationary phase
and a mobile phase. The column is packed with the stationary phase consist-
ing of a resin in a buffer solution. The mobile phase, comprising of a diverse
number of macromolecules, is passed over the column either by gravitation
or an automated liquid chromatography system [57, 58]. Macromolecules
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2.2. Protein puri�cation

will be separated due to their interaction with the stationary phase, which
depend on their speci�c properties. Recombinant protein expression enables
the addition of speci�c tags to the protein sequence. A polyhistidine tag can
be added to the N- or C-terminus of the protein, an approach exploited in
immobilized metal af�nity chromatography (IMAC). In Ni2+ -af�nity chro-
matography the Ni2+ -ions are bound to the resin in the stationary phase. As
the mobile phase travels over the column, the His-tagged proteins with high
af�nity for Ni 2+ -ions bind the resin, whereas other macromolecules elute
from the column during washes with buffer. The bound proteins can �nally
be eluted with an increased concentration of imidazole, which is structurally
similar to histidine and therefore competes for the Ni2+ -ions [59,60].

Proteins can be separated by several different properties, for example ac-
cording to their size. In size-exclusion chromatography (SEC) the column is
packed with a matrix consisting of gel beads, which contain differently sized
pores. Large molecules travel outside the beads and thus have shorter reten-
tion times and elute �rst. Small molecules will enter the pores in the beads
and therefore have longer retention times and elute later [57]. To improve
purity of the sample several puri�cation steps can be combined. However,
as the puri�cation procedure expands there is an increased risk of sample
loss and protein degradation/instability.

In the work included in this thesis, cells were lysed using the high pres-
sure homogenizer EmulsiFlex -C3 (Avestin). The biliverdin chromophore
was added after the lysis step (>10x molar excess) and incubated with the
protein overnight at 4� C. All steps following biliverdin incorporation were
carried out under green lights to keep the protein stable within the Pr-state.
The protein was puri�ed with Ni2+ -af�nity (HisTrap GE healthcare) and
size-exclusion chromatography (HiLoad 26/600 Superdex 200 prep grade
GE Healthcare). The puri�ed protein was concentrated to 30 mg/ml in
20mM Tris buffer at pH 8.
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2.3 Con�rming protein functionality

Following protein puri�cation, the purity, quantity and functionality of the
sample have to be determined. The purity of the protein sample is of-
ten analyzed by the gel electrophoresis method sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE), where proteins are sep-
arated according to their size [58]. A single band at the expected molecular
weight indicate a pure sample containing the target protein.

Absorption spectroscopy can be used to identify and quantify different
molecules based on their electronic structure. The concentration of proteins
can be determined through the Beer-Lambert law (A280 = �cl ). The absorp-
tion value at 280 nm (A280) corresponds to the absorption of aromatic amino
acids and the� value is the molar extinction coef�cient for a certain molecule
at a certain wavelength [58]. Since phytochromes can be photoswitched, the
functionality of the protein can be explored by recording absorption spectra
after illumination with red (660 nm) and far-red light (780 nm), respectively.

Figure 2.1: Phytochrome absorption spectra. Absorption spectra of the A.) PAS-
GAF fragment B.) PAS-GAF-PHY fragment and C.) Full-length of the phytochrome
from DrBphP in Pr(red) and Pfr (far-red) state.

The UV-visible absorption spectra of different phytochrome fragments
from DrBphP is shown in �gure 2.1. As demonstrated in the spectra and
concluded in previous studies [39, 61], the PAS-GAF fragment does not
preserve the spectral integrity of the Pfr state of the full-length protein. In-
dicating that the PHY domains are required for proper photo-conversion
and conformational stability. The ratio between A700/A280 differs between
truncated versions [25] and it is important to conclude optimal biliverdin
incorporation.
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2.4. Crystallization

2.4 Crystallization

A commonly used technique for protein structure determination is X-ray
crystallography, which as implied by the name requires crystals. When pro-
tein molecules undergo crystallization, they precipitate out of solution in a
controlled manner to be arranged in a repetitive pattern in three dimensions.
Small identical units are added together through translational symmetry to
build up the whole crystal. These units are called unit cells and are de�ned
by the length of their axes a, b, c and the angles between them� , � , 
 . The
unit cell is in turn composed of the asymmetric unit, which is the smallest
fraction that can be used to generate the complete unit cell through symme-
try operations. There are several ways in which crystal packing can occur
and these ways are described by different space groups. The space group of
a crystal provides information about the unit cell parameters and the sym-
metry within the unit cell [62].

A protein crystal is formed when the solubility limit of the protein is ex-
ceeded and the protein is enforced into a crystalline state. The crystallization
process is illustrated in the phase diagram (see Fig. 2.2). Diverse methods
can be used for protein crystallization and one of the most common methods
is vapour diffusion. In this method the protein is mixed with a solution that
contains a precipitant agent. The droplet with mixed protein and precipitant
is enclosed in a sealed chamber together with a reservoir solution, which
also contains the precipitant. The precipitant concentration is higher in the
reservoir solution and water will evaporate from the droplet to restore equi-
librium. This process will eventually lead to supersaturation of the drop and
formation of nuclei will occur under perfect conditions. Too high protein
and/or precipitant concentration will bring the solution into the precipita-
tion zone, which results in protein precipitation. At too low concentrations,
on the other hand, the solution will stay in the undersaturated zone and the
protein will remain soluble. Nuclei formation lowers the concentration of
free protein in the droplet and the protein concentration eventually reaches
the metastable zone. When the solution is in the metastable zone the existent
nucleus continue to grow into larger crystals [62]. The crystallization drop
can either be placed in a hanging or sitting position within the well [63].

The conditions in which crystals will form is highly speci�c for a cer-
tain protein. Therefore it can be tedious work to screen different crystalliza-
tion conditions to �nd the optimal composition which yields well-diffracting
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Figure 2.2: Phase diagram. Solubility diagram illustrating crystal growth and the
relationship between protein and precipitant concentration. Solid arrows describe the
procedure of vapour diffusion crystallization whereas the dashed arrow describes
batch crystallization.

crystals. Several factors such as protein concentration, buffer composition,
purity, temperature, pH, protein:precipitant ratio etc., affect crystal forma-
tion. Even after initial crystal conditions have been found, further rounds
of screening are typically required to grow large enough crystals of well-
diffracting quality for X-ray crystallography experiments.

2.5 Micro-crystallization

Contrary to conventional X-ray crystallography, where the typical aim is to
grow large macrocrystals, SFX methods demand high amounts of micro-
crystals. The request for different sizes of crystals are related to the dif-
ferent procedures of data collection, which will be discussed in more de-
tail in chapter 3. The shifted requirements of sample properties have called
for development of new crystallization strategies. One approach to produce
microcrystals is to mechanically crush up large crystals grown with tradi-
tional methods, into smaller crystals. Macrocrystals are then placed in a
tube together with seed beads and vortexed until the desired crystal size is
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obtained [64]. Cooling in-between rounds of vortex is often applied to re-
duce heating of the crystals. However, crushing large crystals up into smaller
ones generally yields an inhomogeneous crystal size distribution. Although
�lters can be used to separate crystals of different size, �ltering will cause
substantial loss of sample and introduce the risk of damaging the crystals.

By growing crystals directly in the correct size range one avoids the
disadvantages of crushing and �ltering crystals. One method applied for
microcrystallization is the batch method. The principle is to start off in the
nucleation zone to generate a great amount of nucleation sites [63]. This
can be done by either increasing the precipitant and/or protein concentra-
tion. The multitude of formed nuclei will cause the protein concentration to
rapidly decrease and the existent nuclei will grow into small crystals in the
metastable zone (see Fig. 2.2). The protein and reservoir solution is added
to a tube and instantly mixed to homogeneity by vortexing. Crystals are fur-
ther grown under incubation and during this procedure different conditions
such as temperature and incubation time have to be optimized. This method
can conveniently be combined with seeding, where small microcrystals are
introduced as nucleation sites to new crystallization set-ups [65]. Batch crys-
tallization brings the advantage of easy scale up for SFX-experiments and
requires little preparation time for sample loading at the experiment.

2.6 Crystallization of DrBphP

Both crushing of macrocrystals and batch crystallization methods were ap-
plied in the SFX project on the PAS-GAF fragment fromDrBphP (Paper
I-III ). Macrocrystals were initially obtained using the hanging drop vapour
diffusion method. Protein (20 mg/ml) was mixed together with reservoir so-
lution (67 mM sodium acetate pH 4.95, 3.3% v/v PEG 400, 1 mM DTT and
30% 2-methyl-2,4-pentanediol), in a ratio of 1:1. The drop was equilibrated
against reservoir solution (800� l) and crystals were formed within 24-48
hours (see Fig. 2.3). The drop size was thereafter scaled up in sitting drop
plates to a volume of 20+20� l with the protein concentration being adjusted
to 25 mg/ml. Crystal solution from a 24 well plate were collected in a micro-
centrifuge tube and vortexed with two seed beads (Molecular Dimensions).
Crystals were crushed repeatedly for 30 s with cooling in-between, until a
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